Drawing inspiration from nature, where some organisms can control the short range order of amorphous minerals, we successfully manipulated the short range order of amorphous alumina by surface and size effects. By utilizing the Atomic Layer Deposition (ALD) method to grow amorphous nanometrically thin films, combined with state-of-the-art electron energy loss spectroscopy (EELS) and X-ray photoelectron spectroscopy (XPS), we showed experimentally that the short range order in such films is strongly influenced by size. This phenomenon is equivalent to the well-known size effect on lattice parameters and on the relative stability of different polymorphs in crystalline materials. We also show that the short range order changes while still in the amorphous phase, before the amorphous to crystalline transformation takes place.
of surface stress and surface energy as the particle size decreases. This influence does not require the particle to be crystalline, but should be present in any solid material. 17 In the present study we investigated whether the short range order of an amorphous material can indeed be manipulated solely via size. We chose atomic layer deposition (ALD) as our material deposition method, since it is a technique that can provide extremely precise, sub-nanometric, thickness control and can deposit conformal and pinhole-free amorphous films of various materials. 18 One of the most common processes for which the ALD is used is the growth of thin, amorphous, Al 2 O 3 films, mainly for the micro-and nano-electronics industry.
18 Therefore, our material of choice in this study was amorphous alumina. An additional advantage of using Al 2 O 3 is that it has many metastable polymorphs at room temperature, 19 which may also suggest an ease of switching between different short range order states. Investigating the short range order of amorphous materials is more complex than studying the crystalline structure of crystalline materials. In this study we chose to use transmission electron microscopy (TEM) and in particular the electron energy loss spectroscopy EELS method, as well as X-ray photoelectron spectroscopy (XPS), to probe the short range order. We deposited various nanometric thicknesses of amorphous alumina directly onto 'holey' amorphous carbon and amorphous Si 3 N 4 membrane TEM grids. After deposition the samples were transferred directly into the TEM, and EELS was performed without any further sample manipulation or preparation. An example of such a film deposited on a holey amorphous carbon membrane can be seen in Fig. 1 . It is apparent that the film, as expected, is very conformal and void-free. The deposited films were amorphous, which could be verified by electron diffractions ( fig. S1 ). EELS reference measurements were performed on sub-µm powders of crystalline α-Al 2 O 3 and γ-Al 2 O 3 , at the aluminum L 2,3 -edge ( Fig. 2A) . The resulting spectra conformed well with literature reports. 20, 21 It should be noticed that a pre-edge shoulder feature at the aluminum L 2,3 -edge can be observed only in the case of γ-Al 2 O 3 . This is because of the presence of 4-coordinated (tetrahedral) Al sites, 20, 22 which are present only in the γ-Al 2 O 3 structure, and not in that of α-Al 2 O 3 , in which all the Al sites are rather 6-coordinated (octahedral).
Similar measurements were performed on the ALD-deposited amorphous films of different thicknesses (Fig. 2B) . A clear trend could be observed in these measurements, namely that the prominent 4-coordinated Al feature (shoulder appearance at the Al L 2,3 -edge) is more pronounced in the case of thinner films, whereas for the thicker ones (above approximately 20 nm) the shoulder that appears in the spectrum is much weaker. This means that thicker amorphous films demonstrate, on average, a short range order in which fewer tetrahedral Al sites are present, while thinner amorphous films demonstrate a structure richer in these sites. This finding is striking, as the only difference between these films is their thickness (deposition parameters were kept constant for all samples). To further verify the EELS measurements, we used the XPS technique. A reference measurement was performed on the same powders of crystalline α and γ alumina as those on which the EELS calibration measurements were performed. Fig. 3A shows the Al2p peaks acquired by this measurement. Peak broadening can be seen, as well as a slight shift towards lower energies in the case of γ-Al 2 O 3 , relatively to the peak of α-Al 2 O 3 , in good agreement with the EELS results (see Fig. 2A ). This is attributable to the presence in γ alumina of tetrahedral Al sites, which have lower binding energy than the octahedral Al sites.
23, 24
To investigate the size effect on amorphous thin films we had to take into consideration that in contrast to the EELS method, in which the signal originates from the entire sample thickness, in XPS the signal originates only from the top several nanometers below the surface. We therefore performed angle-resolved XPS (ARXPS), which enabled us to analyze the sample with depth resolution, by sampling photoelectrons from different takeoff angles. The sampling depth from which 95% of the signal intensity in ARXPS comes can be roughly estimated as 3λ sin θ, where λ is the attenuation length for photoelectrons in the sample, and θ is the takeoff angle of the photoelectrons. 25 Thus, the sampling depth increases when probing at higher takeoff angles (see inserts in Fig. 3B ).
For this procedure we used thin amorphous alumina films with the same deposition parameters as those used for the EELS samples, but these films were deposited on silicon wafers, rather than on the TEM grids. We used two film thicknesses, 2.37 nm and 14 nm. Two takeoff angles were chosen, 25°and 75°, which, for alumina, correspond to sampling depths of roughly 3.6 nm and 8.1 nm, 26 respectively. We first investigated the Al2p peak of the 14 nm film at both takeoff angles. In Fig. 3B , a shift to lower binding energies from the shallower takeoff angle (25°, ∼3.6 nm) is seen, suggesting that the less energetic, 4-coordinated Al sites are more abundant closer to the film surface. We then investigated the Al2p peak of the 2.37 nm film, at the 25°takeoff angle only, as at this angle the signal already originates from the entire film thickness. In both of the 25°measurements, on the thicker film as well as on the thinner one, the majority of the signal is derived from roughly the same sample thickness, and it appears that there is practically no shift in the binding energies between them. These observations, like the EELS measurements, indicate that the fraction of tetrahedral Al sites is greater near the surface of amorphous films and hence also in thinner amorphous films.
We performed similar experiments, on the same samples, to investigate the oxygen binding energy, by probing the O1s peak. In Fig. 3 , C and D, a similar trend can be observed for this peak. The signal from shallower depth is shifted slightly to lower binding energies, similarly to the shift of the O1s signal from γ-Al 2 O 3 , relatively to α-Al 2 O 3 . This provides further evidence that the short range order near the surface is more "γ-like" than "α-like". The 2.37 nm thin film sample could not be examined for binding energy of oxygen sites, as the oxygen from the silica substrate would interfere. On the other hand, we made sure that no such interference was present in the 14 nm sample, by verifying that no Si peaks were visible in the spectra from either of the takeoff angles ( fig. S2) .
Once it became clear that the short range order does indeed depend on the thickness of the amorphous film, and having noticed that some of these amorphous films crystallized after being exposed for some time (about 15 minutes) to the electron beam in the TEM, we wanted to further investigate how the short range order evolves, while still in the amorphous state, during exposure to the electron beam and just before the amorphous to crystalline transformation. To this end, time-dependent EELS measurements were performed on amorphous alumina films of varying thicknesses (Fig. 4) . A constant area of each sample was exposed to a focused electron beam (with the same parameters between different samples) and EELS measurements on Al L 2,3 -edge were performed with one minute intervals between them. The calibration was the same for all samples.
For the thinnest sample (4.16 nm), Fig. 4A clearly shows that fast rising and some smoothing of the initially extremely prominent shoulder feature occurred, but afterwards, this feature continued oscillating around the same point, and overall, there were hardly any changes in other features of the spectrum. Even after 20 minutes of exposure and measurements, the short range order did not stabilize on a specific state, but kept fluctuating back and forth. After the time-resolved measurement we switched to diffraction mode, and found that the sample remained in its amorphous state, and did not crystallize (see insert in Fig. 4A ).
In another film, which was just ∼3 nm thicker (7.39 nm; Fig. 4B ), the behavior was different: smoothing of the shoulder feature was continuous, and simultaneously, another peak started appearing and increasing in intensity at approximately 84.7 eV. Interestingly, it can be seen that the spectrum continuously moves towards resembling that of the γ-Al 2 O 3 , until at some point it overlaps it perfectly. Here we want to stress the remarkable finding that the short range order evolved continuously towards that of the γ-Al 2 O 3 , even before crystallization took place. At the end of this measurement, we again switched to diffraction mode, which took several minutes while the beam was still focused on the same area, and noticed a very strange pattern (see insert in Fig. 4B ). No diffraction rings could be seen, however at one azimuthal angle a clustered scatter of points appeared. This is very surprising, as it implies that the sample crystallized under the beam at a highly preferred orientation. Even more surprising is the fact that this pattern has a wide range of d-spacings. At this point we cannot fully explain this phenomenon, but we can state that at some point we probably did, locally, crystallize the film.
Finally, we similarly investigated a considerably thicker sample (63.1 nm). In this case we again noticed a time-resolved change in the short range order: the shoulder feature decreased considerably, and the spectrum exhibited some α-Al 2 O 3 -like features with time (Fig. 4C) Fig. 4 . Evolution of EELS spectra under electron beam, Al L 2,3 -edge. The times specify the duration of exposure of samples to the electron beam, not including the measurement time. All spectra are presented as obtained, without any manipulation, apart from background subtraction. Only the γ-Al 2 O 3 spectrum is shifted between figures in order to be aligned with the time resolved spectra. The diffraction shown in each figure was taken after all the measurements were finished, from the area on which they were performed. (A) 4.16 nm thick film: only a slight change is observed, the shoulder feature emphasized in Fig. 2 rises slightly, and then fluctuates around the same point. No crystallization occurs. (B) 7.39 nm thick film: after several minutes the spectrum starts to repeat almost perfectly the shape of the reference γ-Al 2 O 3 spectrum. The shoulder feature caused by tetrahedral Al sites is smoothed. Some crystallization occurs. (C) 63.1 nm thick film: on this film, some α-Al 2 O 3 -like features begin to appear, the shoulder feature is smoothed from both directions, and obvious crystallization is noticeable after the measurements.
out, however, that in this case we did not get a perfect overlap between the final spectrum and any of the reference spectra. The final spectrum was close to that of γ-Al 2 O 3 , despite the appearance of few α-Al 2 O 3 -like features. In this case, switching to diffraction mode clearly revealed polycrystalline diffraction rings attributable to γ-Al 2 O 3 ( fig. S3 ), but there was no sign of crystalline α-Al 2 O 3 . These results clearly show that the short range order in an amorphous material does change as a function of thickness (size). This is of great importance, among other reasons because the short range order in an amorphous material influences the crystalline structure succeeding after it's crystallization. The EELS analysis coincides with the XPS data, which show that the surface of amorphous alumina possesses a different short range order than the average in it's bulk, and the thinner, or smaller, the amorphous solid is, the more it's short range order resembles that near the surface. This phenomenon is due to the stronger effect that the surface exerts on the bulk as the size decreases. The surface structure we observed in our study agrees with what was predicted by molecular dynamics simulations.
27
This study demonstrates that the short range order in amorphous materials can indeed be altered via size effects, just as the lattice parameters of crystalline materials can be altered by them. We believe that these findings will open up new areas of research, as well as drive towards the ability to control the short range order of amorphous materials, where this is a cardinal issue that could not be previously addressed, due to the lack of possibility of such control.
Supplementary Materials

S1. Materials and Methods
Atomic Layer Deposition (ALD): The ALD device used for these experiments was R-200 (Picosun, Finland). The growth process of Al 2 O 3 films utilized trimethylaluminum (TMA) and H 2 O as precursors for deposition on Si wafers and TEM grids. The thickness of the films was determined by ellipsometry, directly on the Si wafer sample or, for other substrates, on a piece of Si wafer that was placed close to the sample during the growth process for this purpose.
Scanning Electron Microscopy (SEM):
The image in Fig. 1 was obtained with the Zeiss Ultra Plus High Resolution FEG-SEM (Zeiss, Germany), operated at 4.0 kV, using an in-lens secondary electrons (SE) detector.
Electron Energy Loss Spectroscopy (EELS): An FEI Titan 80-300 S/TEM (FEI, Eindhoven, The Netherlands) was operated at 300 KeV and was equipped with an image Cs corrector. A postcolumn energy filter (Tridiem 866 ERS, Gatan, USA) was used to obtain the EELS measurements. The measured energy spread of the beam was 0.6 eV, and a dispersion of 0.03 eV/channel was used.
In order to avoid the influence of sample exchange on the spectra, several coated grids were cut and placed on a single sample holder for the comparative measurements.
X-ray Photoelectron Spectroscopy (XPS): XPS measurements were performed in UHV (2.5 × 10
−10
Torr base pressure) using the 5600 Multi-Technique System (PHI, USA). Samples were irradiated with an Al K α monochromated source (1486.6 eV) and the outcome electrons were analyzed by a spherical capacitor analyzer using a slit aperture of 0.8 mm. Sample charging during measurements was compensated by means of a neutralizer, with additional mathematical shift used when necessary (C1s at 285 eV was taken as an energy reference for all the measured peaks). The high resolution measurements presented in figure 3 were taken in a low energy range window with pass energy (PE) of 11.75 eV and 0.05 eV/step. . XPS survey scan in the 180-50 eV range on the samples used in Fig. 3 . The Si peaks can be clearly seen in the spectra of the thin (2.37 nm) sample from both takeoff angles, and are absent from the thick (14 nm) sample spectra. From this, we deduce that no signal is coming from the SiO 2 /Al 2 O 3 interface of the thick sample, whereas it does come from the thin sample, and therefore the oxygen signal from the thin alumina film would be convoluted with the oxygen signal from the underlying silica. powder, the same powder as the one used for EELS and XPS reference spectra (XRD was performed at the ID31 beamline, European Synchrotron Radiation Facility (ESRF), Grenoble, France). Gray vertical stripes represent the rings from the electron diffraction above. Good resemblance can be seen, both to the peak locations and to their intensities. A slight shift to smaller d-spaces is evident in the electron diffraction. This might be due to a size effect on the lattice parameters (there are probably size differences between the crystallites in the powder and on the sample), and/or due to inaccuracy in the microscope calibration that was used to calculate the d-spaces from the electron diffraction. The darker gray stripes correspond to brighter rings, and the lighter stripes -to the barely visible rings that appear on the diffraction image.
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